A compact instrument to measure the di †use extreme ultraviolet background with unprecedented resolution and high sensitivity is described. The instrument can cover a bandpass from 350 to 1100 A , has D5 spectral resolution, and has simultaneous Ðeld imaging with D5@ resolution. Several new tech-A niques were employed to achieve this performance, including the development of a unique, fast optical system optimized for di †use spectroscopy, a novel low-noise microchannel plate photon detector, a mechanism that permits an accurate determination of all the expected backgrounds, and an electronic system with active baseline restoration and coordinate digitization that is free of di †erential nonlinearity. This instrument will provide a factor of 1000 increase in sensitivity over existing measurements with reasonable observing times.
INTRODUCTION
The astronomical and geophysical extreme ultraviolet (EUV) di †use background (100È1000 is the most poorly A ) known of any of the di †use backgrounds. A variety of sources have been proposed to radiate in this bandpass. One source that is certainly producing Ñux in this band at some level is the hot interstellar medium (ISM) that pervades our Galaxy. The actual radiation observed from a hot ISM will be strongly dependent on the temperature and thermal history of this material & Schmutz-(Breitschwerdt ler
The detection of just a few emission lines from this 1994). source will add tremendously to our knowledge of this poorly understood material. Another source of EUV line emission is atmospheric airglow Kimble, & (Chakrabarti, Bowyer The study of airglow emission will elucidate 1984). processes occurring in the upper atmosphere and magnetosphere. A possible contributor to the cosmic EUV background is emission from dark matter in our Galaxy in the form of massive (D10 eV), long-lived (D1023 s) neutrinos undergoing radiative decay
The existence of (Sciama 1994) . this class of neutrinos is not predicted in the standard model of elementary particles, but it is expected in reasonable extensions of this model et al.
The dis- (Bowyer 1995a ). covery of the Sciama line would provide an extraordinary link between particle physics and astrophysics.
Substantial e †orts have been expended in attempts to detect a di †use cosmic background in the EUV. Currently, only upper limits to this Ñux exist. These upper limits are generally 1È2 orders of magnitude larger than the expected astronomical Ñux. Initial investigations of the di †use EUV astronomical background were carried out with broadband detectors on rockets and short-duration orbital Ñights Malina, & Stern & Bowyer (Cash, 1976 ; Stern 1979 ; Bloch et al. More recent e †orts that have provided broad-1986 (Dixon, 1996) , soft X-ray energies the Di †use X-Ray Spectrometer (DXS) instrument & Edgar Ñown on the Space (Sanders 1996) Shuttle has produced uncertain results.
OPTICAL DESIGN
At extreme ultraviolet wavelengths, energydiscriminating detectors can provide only limited resolution, and the only method that can provide even moderate spectral resolution (R \ j/*j [ 50) is a grating spectrometer. Observations of di †use radiation require a large grasp, the e †ective detector area integrated over solid angle. Unfortunately, it is difficult to obtain a large grasp with a grating spectrometer. Spacecraft constraints invariably limit the detector area. Attempts to increase the viewing solid angle are frustrated by the fact that increasing the width of the slit has a direct negative e †ect on the spectral resolution. Increasing the slit height results in a larger solid angle, but grating aberrations in conventional spectrograph designs increase rapidly for o †-axis rays, strongly limiting the extent to which this parameter can be increased. For example, a Rowland spectrometer performs well for point sources on-axis, but even its toroidal derivatives have severe aberrations for radiation as little as 1¡ o †-axis. A Wadsworth mount provides some improvement for o †-axis radiation, but it also has a limited solid-angle acceptance. In addition, scattering introduced by the input collimator of the Wadsworth design invariably adds substantial problems in the measurement of di †use radiation.
To overcome these limitations, we conceived a new spectrograph that provides wavelength focusing in one detector coordinate and spatial imaging in the orthogonal detector coordinate. In we show the layout of the Figure 1 spectrograph and rays originating from a fan of source points lying in the central plane of di †raction. All points in this central fan contribute to one spectrum formed on the center line of the detector. Fans above and below the midplane produce spectra below and above the center line of the detector. An optical path length analysis using FermatÏs Principle was performed to establish the grating Ðgure, rulings, and optical geometry to achieve this result. (A detailed analysis is provided by We then investigated a variety of simpliÐed solutions and compared these with the exact analytic result. A solution was found with near optimum performance. For our working design, we then eliminated variable line density grating rulings for cost reasons and Ðxed the ruling density to obtain the desired dispersion. Our solution required a grating surface Ðgure with independent symmetries about FIG. 2.ÈPerformance predictions of on-axis spectral resolution over the instrument bandpass, as a function of entrance slit height. The slit heights used were 2 cm (triangles), 4 cm (diamonds), 6 cm (stars), 8 cm (crosses). the x-and y-axes. An ellipse of rotation was found to closely approximate the exact solution and has the advantage of being readily fabricated and interferometrically tested ; this grating blank surface was adopted.
We established a number of requirements in order to obtain a spectrograph that would Ðt a compact volume suitable for small space missions. In speciÐc, we required a fast optical system (¹f/4), a 15È20 cm focal length, an optics size of ¹10 cm, and an active detector size of ¹2.5 cm. These constraints were combined with our new optical design to construct a candidate spectrograph that was then numerically ray traced over a range of illumination angles and wavelengths to verify the optical performance. We optimized the performance of the design as a function of fnumber, slit height, and detector location. As one example of the optimization process, we used ray tracing to predict the on-axis spectral resolution while varying the height of the entrance slit and thereby the grasp of the instrument. The results are shown in
The performance predic- Figure 2 . tions shown in this Ðgure were used for the selection of a 6 cm slit height for the instrument.
We found that our Ðnal design performed well overall and retained at least 75% of its on-axis solution capabilities to 4¡ o †-axis. Moreover, spatial resolution better than 0¡ .1 was achieved along the spectrograph slit, which permits radiation from bright stars to be identiÐed and removed. A cutaway view of the detector is shown in The Figure 3 . detector body is a stack of cylindrically symmetric ceramic rings, each of which supports a vacuum-brazed metal structural support ring. The whole assembly provides a clamping force for the stack of MCPs in a manner that avoids concentrated edge stresses and that allows high-vacuum thermal conditioning and ion scrub processing. This clamp ring is conductive on its underside to provide high voltage to the top of the MCP stack, but its upper surface is a dielectric material, thereby eliminating Ðeld emission.
The Ñoor of the detector body carries four welded electrical feedthrough connectors that mechanically support the fused silica WSZ anode. These feedthroughs bring out the electrical pulse signals to the front end electronics system. Coaxial shielded high-voltage connectors are also located on the detector Ñoor plate and bring instrument high voltage from a redundant pair of high-voltage converters mounted elsewhere in the instrument. Voltage-dropping resistors are welded to the exterior of the detector body and furnish the required operating voltages to the MCP stack and the anode gap. We developed a new technique Edelstein, & (Hemphill, Rogers to enhance the MCP detectorÏs sensitivity at 1997) EUV wavelengths. The conventional method for sensitivity enhancement in the EUV is to coat the MCP surface with an alkali-halide photoemissive material et al. (Siegmund The performance of many of these materials is known 1988). to degrade on exposure to air. This imposes difficult handling procedures for open-faced MCP detectors. Our technique is an inexpensive process that enhances the EUV detective quantum efficiency ; this photocathode has the added advantage that it is stable against exposure to air and moisture. BrieÑy, our technique consists of treating the top plate of the MCP stack with an aqueous inorganic chemical bath, then rinsing, drying, and charge conditioning the plate. Unlike most alkali-halide photocathodes used for the EUV, this technique does not increase the quantum efficiency for 1216 radiation. This is important because the A astronomical hydrogen Lya 1216 di †use background is a A factor of more than 106 larger than the di †use EUV background and invariably adds a scattered background at other wavelengths. The sides and rear of the detector assembly are surrounded by magnetically permeable MuMetal that is mounted in a vacuum-tight cup. This cup provides magnetic shielding for the detector from image perturbations arising from geomagnetic, spacecraft torquer, and local instrument magnetism. Testing conÐrmed that the detector image performance is immune to typical space environment magnetic factors.
A variety of e †ects contribute to the intrinsic in-Ñight background in the detector et al.
After the (Lieu 1993 ). elimination of Ðeld emission e †ects, the primary contributors are (1) an internal background due to the radioactive decay of potassium in the glass of the MCPs and (2) the energetic charged particle background. To reduce the internal radioactive noise in the MCPs, we employed special low-radioactivity MCPs, whose glass has been specially formulated using rubidium oxide rather than potassium oxide. To reduce the energetic charged particle background, we developed a anticoincidence shield described below. A summary of the principal characteristics of the detector is provided in Table 1 .
ANTICOINCIDENCE SHIELD
The detector is surrounded by an anticoincidence shield consisting of a scintillation counter that surrounds more than half the total 4n solid angle of the detector. Our data system interrogates the state of this anticoincidence shield each time a detector event is processed, and the shield status information is incorporated into each event record, allow- ing the event to be rejected on board or during ground data processing.
A key requirement was to design a high-efficiency anticoincidence shield that was small and lightweight but triggers on at least 80% of the energetic charged particles penetrating the detector. Because of the very high gain of photomultiplier tubes used in scintillation counting, one or more photoelectrons is sufficient to essentially guarantee that an event is vetoed. Consequently, the only way that a guard event can be missed by the veto scintillator system is for the event to produce exactly zero photoelectrons. Since photoemission is a Poisson random process governed by the mean photoelectron yield we compute the probabil-N e , ity of zero photoelectrons from the Poisson formula for the probability of observing zero items when the mean number is This failure-to-veto probability is N e . P(0) \ exp ([N e ). We want this probability to be less than 20%, and therefore we must have electrons per event. N e [ 1.6 We chose a standard plastic scintillator material, polyvinyltoluene with p-terphenyl, for our shield. We employed a newly available miniaturized ruggedized photomultiplier (PMT) assembly for our detector. This assembly included a 25 mm diameter tube, a high-voltage power supply, and an electrical discriminator circuit that delivers a high-level transistor-transistor logic (TTL) pulse for each detected visible photon. We speciÐed a bialkali photocathode whose peak response at 400 nm is a good match to the emission spectrum of the scintillator.
The mean number of photoelectrons produced by a scintillator event can be estimated by For our design, a minimum-ionizing charged particle track will su †er a 2 MeV energy loss in the scintillator and produce photons. Based on the refractive index Y s + 7000 (1.5) of the scintillator, we estimate and based F guide + 0.5, on the external dimensions of the scintillator and the area of each PMT photocathode, we estimate The F area + 0.003. fraction of the light coupled to the PMT, depends F transfer , on the rayÈnormal-angle distribution at the PMT location, and we estimate this to be +0.5. Finally, our PMT has QE + 15%, typical of high-temperature bialkali cathodes. Combining these factors in we obtain 0.8 elecequation (1), trons per event per PMT. Hence, the unit will be, in principle, about 80% efficient for minimum ionizing events with two PMTs for each scintillator.
We conducted sea-level tests of the efficiency of this anticoincidence shield. For these tests, we used the penetrating, charged-particle component of the sea-level cosmic-ray Ñux. This component is mostly muons, whose Ñux is approximately 100 m~2 s~1 sr~1. Following et al. Knauer (1995), we used two trigger scintillators, but because we sought to measure the efficiency, E, of rejecting known charged particles, we placed both trigger scintillation counters inside the guard volume. The efficiency is then determined by taking a long count accumulation and using the formula
where is the number of events in which a three-way N GTT coincidence occurred between the guard and the two triggers and is the number of coincidences between the two N TT triggers. The efficiency would be 100% if every TT event were also a GTT event. With a single PMT operating, we found E \ 75%^10% ; with two PMTs operating, E \ 86%^8%.
The scintillator and housing added only 20% to the diameter of the tube. The length of the unit is about 50% greater than the tube plus space required for the highvoltage and signal inputs/outputs. The weight of the scintillator and housing is 450 gm, and the weight of the two PMT assemblies is 520 gm. The anticoincidence shield clearly met our design goals of compactness, low weight, and high efficiency. A cutaway view of the anticoincidence unit is shown in Figure 4 .
MECHANICAL DESIGN
The mechanical layout of the spectrometer is shown in Light enters the spectrograph via an entrance Figure 5 . baffle, Ðlter wheel, and slit assembly and then encounters baffles, the di †raction grating, more baffles, and then the detector.
Great care has been taken to reject low-energy ions, abundant at orbital altitudes, which can create a signiÐcant background. The entrance baffle assembly uses a permanent magnet and low-voltage electric Ðeld in combination with assorted baffles to divert extraneous light and charged particles away from the slit entrance of the optics chamber. The slit, baffles, and a grid near the detector face are charged to in-Ñight selectable low voltages for ion rejection.
To allow for accurate background characterization, a rotating Ðlter-wheel mechanism, driven by redundant stepping motors, gates the entrance slit. The Ðlter-wheel rotation timing is carefully coordinated with data acquisition to allow for accurate count rate determination. The Ðlter wheel has four operational positions : (1) opaque, (2) open, (3) crystal, and (4) 1000 thick aluminum Ðlm. Data MgF 2 A are taken at all four positions, at in-Ñight selectable time intervals, in order to detect (1) detector background, (2) full bandpass EUV radiation, (3) internally scattered hydrogen Lya 1216 airglow radiation background, and (4) short A wavelength EUV radiation with 1216 background vir-A tually eliminated.
The di †raction grating substrate, following our elliptical prescription for a di †use source spectrograph, was made of stress-relieved aluminum overcoated with electroless nickel. The di †raction grating was holographically recorded with a special resist technique to eliminate the interference of substrate back reÑection. The grating was coated with silicon carbide or boron carbide depending on the wavelength FIG. 5.ÈThe mechanical layout of the spectrometer is shown, including the entrance slit with its rotating Ðlter wheel and the extensive baffling, whose purpose is to minimize instrument background due to stray light and charged particles.
covered by the spectrometer. The grating was mounted at three points using spherical bearings and a threaded rod system that could be coupled to precision stepping motors for alignment and then locked for Ñight.
ELECTRONICS AND INSTRUMENT SOFTWARE
The electronics processing is carried out by a highcapability digital signal processor (DSP) with associated ROM, RAM, control logic, and communications chips. The DSP is sufficiently powerful that it can perform data acquisition, control, photon processing, and communications tasks with a single circuit board assembly. In addition, the DSP is small, and hence we have included two processors in the unit, a prime and a backup. Earlier approaches to decode WSZ signals for low-level signals et al. (Bowyer used precision analog-to-digital converters (ADCs) 1981) and pulse-position ratio circuits. This system was compact, but di †erential nonlinearity in the ADC was mirrored as di †erential nonlinearity in the encoded photon distribution. The use of a DSP made it possible to avoid having ADCinduced image defects, since we had the capability to digitize the WSZ pulses separately and perform the divisions numerically. In this system, any particular ADC deÐciency does not map to a speciÐc point in the position spectrum. Instead, its e †ect is spread out over a range of many hundreds of bins and is combined with neighboring ADC values whose deÐciencies, on the average, are equally likely to have the opposite sign, hence canceling.
The instrument electronics are located in the spectrograph unit and in a separate electronics package. The spectrograph electronics serve the immediate needs of the spectrograph, and the electronics unit processes all detector and anticoincidence signals and handles all housekeeping and spacecraft interface tasks. A block diagram of the electronics is shown in Figure 6 . High-energy cosmic-ray events give very large MCP output pulses, typically 1000È10,000 times the normal, gainlimited photon signal size. These large pulses are produced by the particle shower passing through the MCP, causing a large number of microchannels to trigger at essentially the same time. These overloads can produce substantial longterm baseline deviations and spurious pulses. For this instrument, we developed a charge ampliÐer feedback mechanism in which a feedback capacitor and resistor provide linear feedback, and additional nonlinear feedback is applied when the ampliÐer exceeds its nominal working range. This correction is prompt, with overloads of up to 10,000 requiring only 5 ms to recover. In addition, no spurious output events are generated.
An important part of the detector electronics is an electronic pulse calibration system. Each second, a trio of charge pulses is generated by an on-board, quartz-crystal controlled oscillator. The amplitudes of these pulses are controlled by a digitally switched attenuator to produce accurate charge signals for the detector electrodes. These charge amplitude ratios have been chosen to encode posi- FIG. 6 .ÈThe Ñight electronics are organized according to the functions shown. On the left are the subsystems located in the spectrometer assembly. On the right, the functional components of the electronics box are shown, together with the backplane data and power bus. All spacecraft communications take place via the electronics box. tions in the extreme corners of the Ðeld of view of each detector. By monitoring these calibration pulses, the stability of the entire detector electronics chain can be checked during instrument development, calibration, integration, and Ñight. For each valid event, the WSZ pulses are digitized with 12 bit precision over a 10 volt dynamic range. Data from the anticoincidence shield, Ðlter wheel, and clock are latched, and an interrupt request is raised, indicating that a complete set of photon data is ready to be transferred to the microprocessor. The interrupt latency and the photon data bus communications require less than 50 ks to execute ; the counting efficiency dead time is determined by the Ðxed 100 ks ADC lockout, never by the variable software workload. This feature allows us to precisely correct for dead time using a Ðxed time-constant paralyzable efficiency formula & Bixler (Lampton 1985) . The resolution performance of our detectors is essentially uniform over the working Ðeld of view, due to the inherent linearity of the WSZ encoding scheme. The spatial resolution may be estimated from the rms sum of the contributions of the MCP, the shot noise, and the electronics, as listed in Table 2 .
Our electronics and instrument software has been designed to telemeter each detected event with encoding that includes all information obtained for this event. As one nonobvious and nontrivial example of the usefulness of this approach, we note that charged particle events are uniformly distributed over the face of the detector. Hence, by integrating only those events that are accompanied by an anticoincidence shield Ñag, we can construct an in-Ñight Ñat-Ðeld response function for the detector that can then be used to verify the uniformity of detector response. Departures from strict uniformity (if any) can then be corrected.
CALIBRATION
The spectrometer was calibrated with the EUV calibration facilities at the Space Sciences Laboratory of the University of California, Berkeley et al. using (Welsh 1990) , standards traceable to the National Institute of Standards and Technology (NIST). In addition to determining the grasp as a function of wavelength, a substantial number of additional tests and subsystem calibrations were carried out. These included establishing the pulse height, Ñat-Ðeld response, and background of the detector, the transmission of the Ðlters, the instrument spatial and wavelength resolution, and a wavelength calibration.
The di †use EUV spectrometer posed unique challenges with regard to calibration. There are no primary or secondary standards for di †use line radiation in the EUV. Therefore, the plan that we devised was an indirect calibration, based on the use of a secondary standard reference photodiode, a monodirectional monochromatic EUV beam, and numerical integration of a measured two-dimensional response function over the complete range of photon arrival angles.
An accurate determination of the count rate is straightforward for photoevent recording systems such as that employed in this instrument, but producing a stable accurately calibrated monodirectional EUV beam in the laboratory requires attention to many details.
1. We utilized a hollow cathode gas discharge lamp designed speciÐcally for long-term stability. (Bowyer 1993) We used a variety of gases with principal emission lines that span the range of wavelengths required.
2. We used a high-stability monochromator to select speciÐc emission line wavelengths.
3. We employed a long beam line (4 m) downstream of the monochromator exit slit, so that over the entrance slit there is little variation in direction (\1¡) and little variation in intensity (\10%) in the input photon beam.
4.
We used an open-window, gold-cathode photodiode and an aperture of known size to determine the beam density. The photodiode was a secondary standard, calibrated by NIST from a synchrotron primary standard.
The efficiency of the spectrometer is the product of the grating di †raction efficiency, the grating reÑectivity, and the detector quantum efficiency. Two di †erent detector/grating combinations were developed in response to Ñight opportunities discussed below. Individual measurements of the components for each of these combinations were obtained. The overall efficiency of the instrument was determined from the product of the individual component measurements. These measurements were made at a number of EUV wavelengths. The results are shown in the upper panels of Figures and The individual measurements are 7 8. connected by linear interpolation except for the aluminum Ðlter transmission. For these Ðlters, transmission coefficients were derived from tabulated optical constants (Palik and atomic data et al. These curves 1985) (Henke 1982) . were then normalized to our speciÐc Ðlters using our calibration data. The grating parameters and Ðlter transmissions are relative measurements good to better than 5%. The detector efficiencies are absolute measurements that are dominated by the 20% uncertainty of the NIST absolute calibration standard.
The lower panels of Figures and show the calculated 7 8 grasp for each spectrometer as a function of wavelength. To compute the grasp, we multiplied the geometric area of the slit (150 km ] 6 cm) by the product of the measured efficiencies and the e †ective solid angle for each wavelength.
INSTRUMENT SENSITIVITY
The sensitivity of the instrument may be described by the 3 p minimum measurable Ñux (MMF), deÐned as a source intensity, corresponding to a source counting rate that I mmf , over an observation of time, t, provides a signal that is 3 times the statistical Ñuctuation in the net measurement. The accumulated counts from an emission line are s \ I!t, where I is the intensity, ! is the grasp, and t is the integration time. The net (signal minus background) measurement is determined by subtracting a measurement of the background count, b, from the total signal, consisting of both source counts, s, and background counts. The background counts are assumed to arise from a number of sources, whose signiÐcance depends on the observing Ðlter used. These factors include intrinsic detector background, directly imaged airglow emission, internally scattered Lya airglow emission, and astronomical continuum from scattered and unresolved starlight.
Quantitatively,
Here D is the measured detector background of 0.06 counts~1 s~1 cm~2, A is the area in each spectral bin as determined by ray trace, is the predicted intensity of I airglow geocoronal airglow radiation within the instrumentÏs bandpass, and is the intensity of geocoronal 1216 I Lya A radiation of 3000 R et al. The holo-(Chakrabarti 1984) . graphic ruling grating scattering function, S, describes the fraction of incident radiation scattered into a spectral bin of angular width db at a speciÐc angular distance b from a spectral line. We used a scattering function derived from measurements of a holographically ruled grating et (Prange al.
The measurements were scaled into units of frac-1989). tion scattered per radian of scatter using a value of 3 ] 10~5 rad~1 for b at the detector center. The scattering rate was calculated by integrating the peak normalized proÐle of the scattering function, scaled by the amplitude of the airglow line, over the spectral bin width at the appropriate angular distance. The astronomical continuum, I cont , arises from interstellar dust scattering of stellar continuum and is 200 photons~1 s~1 cm~2 sr~1 for j [ 912 and A ~1 A zero for j \ 912
The spectral resolution, A (Bowyer 1991) . *j, was determined by our laboratory measurements.
We have incorporated the calibration data in equation (2) to obtain the minimum measurable Ñux of the spectrometer to an EUV emission line. In we compare the The line (Frisch 1994 the most substantial di †erence is that one of the three employs a slightly di †erent grating tilt that emphasizes shorter EUV wavelengths. This spectrograph employs different coatings to enhance the shorter wavelength response. We summarize the key parameters for these spectrometers in
The major di †erences between the long wave- Table 3 . length spectrometer (D500È1100 and the short wave-A ) length spectrometer (D350È800 are noted.
A ) One of these spectrometers covering the 500È1100 A band is part of the payload of NASAÏs Small Spacecraft Technology Initiative satellite, L ewis. It is scheduled for launch in 1997. Two of these spectrometers, one covering the 500È1100 band and the other covering the the 350È A 800 band, constitute the instrument Espectrografo Ultra-A violeta extremo para la observacion de la Radiacion Difusa (EURD) et al. et al. EURD (Bowyer 1995c ; Morales 1997) . is part of the instrument complement of the Spanish MINISAT 01 satellite. EURD is a collaboration of the Spanish Instituto Nacional de Tecnica Aeroespacial (INTA) and the Center for EUV Astrophysics, University of California, Berkeley. The reduction and analysis of EURD data will be done in collaboration with an INTA team led by C. Morales. The MINISAT 01 satellite is scheduled for launch in 1997.
In we list some of the improvements developed Table 4 and incorporated in these spectrometers, as compared with previous instruments. In we compare the capabil- Table 5 ities of the instrument with other instruments developed to study the high-temperature component of the ISM.
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